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Abstract
Background

People with chronic ankle instability (CAI) exhibit neuromuscular deficits. Previous studies, however, only
investigated magnitudes of muscle activation and not the time-frequency domain.

Research question

Do people with CAI exhibit differences in muscle activation patterns in the time-frequency domain during
landing, anticipated cutting, and unanticipated cutting compared to matched controls?

Methods

Eleven people with CAI and eleven healthy matched controls (CON) performed landing, anticipated cutting, and
unanticipated cutting as surface EMG of the lateral gastrocnemius, medial gastrocnemius, fibularis longus,
soleus, and tibialis anterior were recorded. The time-frequency domain of surface EMG data was analyzed with
wavelet transformations and principal component analysis (PCA), PC scores were compared across group, task,
and muscle with three-way ANOVAs.

Results

The PCA extracted two PCs that captured the overall magnitude (PC1) of wavelet intensities across the timefrequency domain and a shift among the range of frequencies (PC2) where wavelet intensities were most
prominent. A main effect for group indicated that people with CAI demonstrated smaller (p = 0.009) PC1 scores
than people in the CON group across all muscles and tasks. An interaction between group and task indicated
that people in the CAI group exhibited smaller (p = 0.041) PC2 scores than people in the CON group during only
anticipated cutting.

Significance

People with CAI exhibited neuromuscular deficits in the time-frequency domain of EMG during dynamic tasks.
These deficits appear to reflect a neuromuscular strategy characterized by the recruitment of fewer motor units
in ankle muscles regardless of task, and an inability to scale the recruitment of motor units in the frequency
domain in response to different task demands. Rehabilitation for people with CAI should consider that this
population exhibits differences in neuromuscular control that exist not only in the overall magnitudes, but also
in the time-frequency domain, of muscle activation patterns.
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1. Introduction
Ankle sprains are among the most common injuries in athletes and physically active people [1]. Up to 70 % of
the general population has experienced at least one ankle sprain [2]. A previous study also reported that up to
74 % of people with a history of ankle sprains develop chronic ankle instability (CAI), which is a condition
characterized by recurring or repeated giving away of the ankle during dynamic activities [1,3]. Recurrent ankle
sprains are associated with mechanical and functional deficits and become a critical issue in people with CAI
because it limits their physical activities [4], and leads to residual symptoms such as pain, swelling, or feeling of
giving away [5]. In addition, CAI is associated with the development of ankle osteoarthritis due to damage of the
talocrural joint surface [6,7]. Furthermore, people with CAI exhibit different neuromuscular strategies, such as
altered muscle activations, as they walk or perform sport-related landing or cutting motions [8,9].

Electromyography (EMG) is an important research tool to investigate the neuromuscular strategies during sportrelated motions, and several studies have used EMG to identify altered neuromuscular strategies of people with
CAI compared to people without CAI. [8,[10], [11], [12], [13], [14]]. Previous studies revealed different muscle
activation strategies during dynamic tasks, such as landing or cutting, in people with CAI compared to healthy
people. For example, in some studies people with CAI exhibit less activation of the fibularis longus, tibialis
anterior, medial gastrocnemius, and gluteus medius during a jump land and cut task [11] and diagonal single-leg
rebound jumping [14] compared to healthy controls in previous studies. In contrast, a different study showed
that people with CAI muscles exhibit greater activation of the medial gastrocnemius, fibularis longus, adductor
longus, vastus lateralis, gluteus medius, and gluteus maximus compared to healthy controls, but only during
specific time periods of a jump land and cut task [8]. Furthermore, fibularis longus, rectus femoris, tibialis
anterior, and soleus muscle activations after initial contact did not differ between people with and without CAI
during single leg drop jumps [15]. Since results from previous studies show inconsistent findings in the
amplitude of muscle activation during dynamic movements, it is possible that investigating and comparing only
the amplitudes of muscle activation of people with and without CAI may not provide adequate insight into
neuromuscular deficits.
EMG data in studies that investigate neuromuscular control in people with CAI are frequently filtered and
smoothed (e.g., band-pass filtered with cutoff frequencies of 20 and 450 Hz and smoothed with root mean
square algorithms), which removes, and essentially ignores, information about the frequency domain of EMG
data and the neuromuscular recruitment strategies of different muscles [16]. Some studies have investigated
the time-frequency domain of EMG data in order to differentiate between people with different impairments or
knee injury history [[17], [18], [19], [20], [21]]. For example, von Tscharner and Valderrabano (2010) succesfully
used time-frequency features of muscle activations to accurately classify people with ankle osteoarthritis and
healthy people [19]. However, no study to date has investigated muscle activation characteristics in the timefrequency domain of people with CAI. Given that investigating muscle activation in the time-frequency domain
may reveal information about motor unit and muscle recruitment strategies, which are relevant to designing
targeted clinical interventions, studying the characteristics of clinically important muscles (e.g., fibularis longus)
in this domain in people with CAI seems warranted.
To better understand the neuromuscular strategies used by people with CAI it would be important to investigate
the muscle activation patterns in the time-frequency domain. Therefore, the purpose of the current study was
to identify differences the time-frequency domain of muscle activation patterns between people with and
without CAI during athletic tasks (e.g., landing, anticipated cutting, and unanticipated cutting). We hypothesized
that 1) there would be significant differences in the frequencies of muscle activation patterns between people
with and without CAI and 2) that these differences would be task-dependent.

2. Methods
2.1. Participants

Eleven people with CAI (22.4 ± 3.2 years, 1.68 ± 0.11 m, 69.0 ± 19.1 kg) and 11 healthy people (22.6 ± 4.2 years,
1.74 ± 0.11 m, 66.8 ± 15.5 kg) were recruited for this study. All participants signed an informed consent form
that was approved by an Institutional Review Board, which ensured that the research complied with the ethical
principles of the Declaration of Helsinki. Inclusion criteria for the CAI group were based on a modified version of
the Ankle Instability Instrument, which used nine questions to assess various aspects of a person’s history of
ankle sprains and associates symptoms [22,23]. The Foot & Ankle Disability Index (FADI) and FADI-Sport (FADI-S)
questionnaires were additionally used to quantify the function and disability in the ankle joint (FADI, CAI group:
90.3 ± 9.4 %, CON: 100 ± 0%; FADI-S, CAI: 88.6 ± 9.1 %, CON: 100 ± 0%) [24,25]. Participants from the control

group were matched to the CAI group based on sex, age, height, weight, and physical activity level, which was
assessed via Tegner scores [24].

2.2. Data collection

Participants were instrumented with five electromyographical (EMG) sensors (Bagnoli 8-Channel Desktop
System, Delsys, Boston, MA, USA). These EMG sensors were attached over the muscle bellies of the lateral
gastrocnemius (LG), medial gastrocnemius (MG), fibularis longus (FL), soleus (SL), and tibialis anterior (TA) after
cleaning of skin with an alcohol swab on the EMG attached area. Each participant performed three tasks: 1)
double-leg forward jump with single-leg landing, 2) double-leg forward jump with single-leg landing and
anticipated cutting, and 3) double-leg forward jumping with single-leg landing and unanticipated cutting. The
order of the three tasks remained the same for each participant so that the difficulty increased progressively
(e.g., landing, anticipated cutting, unanticipated cutting). For each task, participants were asked to perform the
double-leg forward-jump over a 15 cm box and to land on a force plate (AMTI OR6, Advanced Medical
Technology Inc., Watertown, MA, USA). The distance between initial position and the force plate was each
participant’s leg length which was measured from anterior superior iliac spine and medial malleolus. For the
single-leg landing task, participants were asked to land and stabilize their body for 5 seconds. For the single-leg
landing and anticipated cutting task, participants were asked to perform a 90° cut away from their landing leg
immediately after landing on the force plate. The single-leg landing and unanticipated cutting task were similar
to the anticipated cutting task, but the landing leg and the cutting direction were presented to participants by a
visual stimulus that was displayed on a laptop monitor, which was positioned at waist height just behind the
force plate, and came on as participants broke a light beam set halfway between the take-off and landing area.
Participants were asked to perform between three to five successful trials of each task. Trials were considered
successful if participants performed the task according to instructions and landed with their foot entirely on the
force plate.

2.3. Data recording and processing

Force plate and EMG data were recorded during the stance phase of each task at 1200 Hz. EMG data were
amplified by a factor of 1000. The beginning of stance phase was defined as the point when the vertical ground
reaction force (GRF) data exceeded 10 N. The end of the stance phase for the single-leg landing was defined as
200 ms after the beginning of stance phase, whereas for both cutting tasks it was defined as the point when the
GRF fell below 10 N. We excluded one subject in the control group because of technical problems with the GRF.
In addition, two participants in the CAI group were not able to perform the unanticipated cutting task.
Therefore, the total number of trials included in the analysis was 183 i.e., 15 less (one CON: 3 tasks x 3 trials; two
CAI: 1 task x 3 trials) than if the data set had been complete and included all 198 trials (22 subjects × 3 tasks × 3
trials).
Wavelet transformations allow for the simultaneous analysis of EMG signals in the time and frequency domains
with various resolutions [20]. The intensity of the EMG signal was calculated with a wavelet intensity analysis in
which EMG data was transformed in the time-frequency domain with a set of 11 nonlinearly scaled Cauchy
wavelets (w1-w11) [17,20]. The center frequencies of the wavelets were 6.90, 19.29, 37.71, 62.09, 92.36,
128.48, 170.39, 218.08, 271.50, 330.63, and 395.46 Hz to capture the full range of the EMG signal spectrum [20].
The intensities were time-normalized to make 0–100 % of stance phase (Fig. 1). The intensity from w1 was
excluded for further analyses because it was considered to reflect movement artifacts [26]. The total intensities
of each wavelet (w2-w11) were compiled into a matrix. The matrix had 915 rows representing (183 trials × 5
muscles) and 10 columns representing total intensity from w2-w11. A principal component analysis was applied
to the matrix to find the principal components (PC) that accounted for 90 % of the total variance (VAF).

Fig. 1. Time-frequency heatmaps for mean wavelet intensities of the lateral gastrocnemius (first row), medial
gastrocnemius (second row), fibularis longus (third row), soleus (fourth row), and tibialis anterior (fifth row)
during 200 ms of the landing task (left two columns) and during the stance phases of the anticipated cutting task
(middle two columns) and unanticipated cutting task (right two columns).
For the statistical analysis, the dependent variables were the extracted PC scores. The independent variables
were group (CON and CAI), task (landing, anticipated cutting, and unanticipated cutting), and muscles (SL, FL, TA,
MG, and LG). The Kolmogorov-Smirnov test was used to check the normal distribution of the PC scores. Separate
three-way ANOVAs for each PC Score were used to analyze the interactions and main effects of all experimental
conditions. Fisher’s Least Significant Difference procedure was used during post hoc testing to investigate pairwise differences for any significant interactions or main effects. Two-way interactions not involving group as a
factor and main effects other than group were not investigated because they did not directly relate to the
purpose of the study (e.g., task × muscle differences were not of interest). Alpha value was set to 0.05.

3. Results
The PCA extracted two PCs, which accounted for 71 % and 18 % of the total variance in the EMG input data (Fig.
2). The first PC captured variation in the magnitude of the wavelet intensities whereas the second PC captured
variation related to a shift in the center frequencies of wavelet intensity.

Fig. 2. Variation in wavelet intensity captured by the two principal components (PC). The effects of positive and
negative PC scores on wavelet intensities are illustrated by simulating a one standard deviation (1SD) change in
the PC on the mean intensity of the EMG data and can be visualized by the dashed lines and the + and –
symbols, respectively. The effects. VAF – variance accounted for by the given PC.
None of the three-way interactions between group, task, and muscle were significant for either PC (Table 1). In
addition, neither of the two-way interactions that included Group as a factor were significant for the first PC.
There was, however, a significant (p = 0.041) two-way interaction between Group and Task for the second PC
(Fig. 3). Post hoc testing revealed that the scores of PC2 were significantly (p = 0.009) lower in all muscles of the

CAI group during the anticipated cutting task only. Lastly, there was also a significant (p = 0.009) main effect of
group for the scores of the first PC, which showed that the CAI group exhibited lower PC1 scores across all tasks
and for all muscles (Fig. 4).
Table 1. Principal component (PC) scores (means and standard deviation) for lateral gastrocnemius (LG), medial
gastrocnemius (MG), fibularis longus (FL), soleus (SOL), and tibialis anterior (TA) in people with chronic ankle
instability (CAI) and for healthy controls (CON) for the landing (Land), anticipated cutting (Ant), and
unanticipated cutting (Unant) tasks.
PC1 score
Muscle Group Land
LG
CAI
−12.60 ± 1.73
CON
−10.87 ±2.89
MG
CAI
−6.65±7.21
CON
10.13±87.45
FL
CAI
5.49±34.98
CON
−4.68±16.25
SOL
CAI
0.69±17.88
CON
7.27±21.97
TA
CAI
−5.72±4.29
CON
8.00±48.28

PC2 score
Ant
Unant
Land
−6.48±6.84 −7.16±5.89 −7.72±1.54
−0.89±12.95 −0.44±11.17 −6.88±2.77
−2.34±7.92 0.48±7.90
−5.92±3.82
16.27±77.59 −1.30±7.39 −10.06±38.11
2.62±22.47 2.54±13.36 3.26±14.91
1.63±24.68 3.95±22.18 −0.84±13.54
−8.18±5.90 −7.97±5.78 2.53±14.53
−9.08±4.86 −7.89±7.54 7.41±17.23
4.60±8.78
5.74±11.10 −2.27±4.24
11.31±30.70 13.75±35.19 −7.06±11.43

Ant
−2.11±6.31
5.14±13.85
−1.61±4.12
2.83±18.50
1.30±7.81
6.67±24.11
−4.24±4.68
−4.70±5.69
7.36±8.33
10.58±19.51

Unant
−3.08±4.58
1.08±7.85
−1.61±3.19
0.17±6.01
3.04±9.33
0.01±15.66
−3.95±5.35
−3.99±6.12
5.82±8.69
9.82±23.65

Fig. 3. Muscle- and task-averaged PC1 scores (i.e., magnitude of the wavelet intensities) for people with chronic
ankle instability (CAI) and for people in the control group (CON).

Fig. 4. Muscle-averaged PC2 scores (i.e., shift in center frequencies of wavelet intensities) for people with
chronic ankle instability (CAI) and for people in the control group (CON) during the landing, anticipated cutting,
and unanticipated cutting task.

4. Discussions

The purpose of the current study was to investigate differences in the time-frequency domain of muscle
activation patterns between people with and without CAI during athletic tasks (e.g., landing, anticipated cutting,
and unanticipated cutting). We hypothesized that people with CAI would exhibit different activation patterns
and that these differences would depend on the respective task. The results generally supported our hypotheses
in that people with CAI exhibited lower wavelet intensities across all muscles and tasks, and were not able to
increase wavelet intensities at higher frequency ranges during the anticipated cutting task.
The main effect for PC1 indicated that compared to the CON group, people with CAI exhibited lower PC1 scores
in all muscles and across all tasks. Since PC1 captured the general magnitude of wavelet intensities across all
frequencies, people with CAI therefore exhibited lower wavelet intensities across all frequency ranges in all
muscles and tasks. People with CAI thus appear to use a neuromuscular strategy characterized by activating
ankle muscles at lower wavelet intensities during landing and cutting tasks. Previous studies that investigated
neuromuscular function in people with CAI during dynamic movements presented inconsistent findings with
respect to the peak amplitude of the smoothed EMG signal in that they show that people with CAI exhibit either
less activation of the FL, TA, and MG muscles [11] or more activation of the FL and MG muscles [8] than healthy
controls. The intensity of a wavelet provides a good approximation of power of the EMG signal at that respective
frequency, is related to changes in the Root Mean Square of EMG, and provides insight into the number of
active motor units [17,19,20]. The current finding therefore suggests that people with CAI recruit fewer motor
units in ankle muscles regardless of task, and is in agreement with research that showed less activation ankle
muscles in people with CAI [11]. The current study thus expands on previous results since the wavelet analysis
accounts for the intensities across a wide range of activation frequencies, and presumably motor units [20].
Collectively, these findings suggest CAI rehabilitation may need to include resistance training exercises that aim
to increase muscle force production across a large range of activation frequencies so that all motor units are
adequately trained.

The group by task interaction effect for PC2 indicated that people with CAI exhibited similar PC2 scores across all
tasks, whereas people in the CON group did not. Specifically, post hoc testing revealed that people in the CON
group exhibited greater PC2 scores than the CAI group during the anticipated cutting task. Since PC2 captured a
shift among the range of frequencies where the wavelet intensities were most prominent, the increase in PC2
scores in the CON group suggests that this group exhibited an increase in wavelet intensities at higher frequency
ranges during the anticipated cutting task. In other words, people with CAI seemed unable to increase wavelet
intensities in higher frequency ranges during anticipated cutting. The frequency domain of a muscle’s activation
profile is influenced by the recruitment of different motor unit types because the conduction velocity of motor
units differs based on the electric properties of the motor units i.e., faster motor units exhibit higher conduction
velocities and greater wavelet frequencies during muscle activation than slower motor units [27,28]. Since
cutting motions require rapid muscle activation, these movements also likely require that motor units are
recruited at higher frequencies [29]. Based on the analysis of PC2 scores, it thus appears that people with CAI
are not able to recruit motor units during the anticipated cutting task in the same manner as people in the CON
group. This finding may indicate that people with CAI are not able to adequately scale the recruitment of motor
units in the frequency domain in response to different task demands. Given that movements are controlled with
not only the intensity of muscle activations but also speed of motor unit recruitment, which suggests that
people with CAI may stem from incapacity to scale frequency of muscle activations during the dynamic tasks.
Perhaps, performing resistance training exercises during CAI rehabilitation at fast velocities may facilitate the
recruitment and increase the firing rate of faster motor units and thus improve the capacity to shift wavelet
intensity towards higher frequency during muscle activation in people with CAI.
There are several limitations with the current study. First, the FADI and FADI-Sport questionnaires were used to
assess self-reported ankle function in the current study. Other studies, however, have used questionnaires such
as the Cumberland Ankle Instability Tool [3]. Although the Cumberland Ankle Instability Tool is commonly used,
FADI and FADI-Sport are considered to adequately describe functional deficits in people with CAI [25]. In
addition to the FADI and FADI-Sport, we also used another questionnaire to evaluate the history and symptoms
of ankle sprain [22], which enhanced the CAI inclusion criteria. Second, the current study did not include a group
of “copers” (i.e., people who have a history of lateral ankle sprain but have no recurrent ankle sprains or
functional deficits). A previous study revealed that copers exhibit different sensorimotor function than people
with CAI [30]. For this reason, recruiting a copers group in addition to people with CAI and healthy controls may
provide better clinical insights and more detailed information about the spectrum of functional deficits in people
with CAI. Third, only the landing and stance phases during three tasks were analyzed in this study. However, the
phase immediately before foot contact can provide information about preparatory strategies during the
dynamic tasks and has been widely analyzed in previous CAI studies [31,32]. Therefore, analyzing muscle
activation in the frequency domain during the preparatory phase of dynamic tasks in people with CAI in future
studies may also provide additional information. Fourth, we only collected and analyzed EMG of distal muscles
(i.e., at the ankle joint). Including proximal muscles for time-frequency analysis in future studies may also be
useful because previous research suggests that people with CAI also exhibit different activation patterns of
proximal muscles, such as the vastus lateralis and gluteus maximus [8]. Lastly, the sample size of people with CAI
in this study is relatively small, which may suggest that the results and interpretations should be considered as
preliminary and should be replicated in a larger sample.
To our knowledge, this study is the first study to investigate the time-frequency domain of muscle activation
patterns in people with CAI. There are several clinical implications of the results from the current study. We
found that people with CAI exhibited lower wavelet intensities across all tasks and all muscles and did not
change the muscle activation in the time-frequency domain in response to different tasks. Collectively, people
with CAI appear to activate fewer motor units in all ankle muscles we analyzed during all studied dynamic tasks,
and recruit slower motor units within all analyzed ankle muscles during anticipated cutting. Given that people

with CAI exhibited neuromuscular deficits in both wavelet intensity and frequency of ankle muscle activations in
the current study, rehabilitation to improve neuromuscular control and decrease risk of recurrent injuries in
people with CAI will likely need to include exercises that focus on the velocity component of contraction (e.g.,
anticipated and unanticipated tasks with various moving directions) in addition to the intensity component (e.g.,
loads) of contraction.

5. Conclusion
People with CAI exhibited muscle activation patterns characterized by differences in the time-frequency domain
compared to healthy people. Specifically, people with CAI activated all ankle muscles with lower wavelet
intensities across the entire frequency spectrum, regardless of task. In addition, people with CAI did not exhibit
an increase in wavelet intensity in higher ranges of the frequency spectrum during the anticipated cutting task.
These findings suggest that rehabilitation efforts for people with CAI should consider that this population
exhibits differences in neuromuscular control that exist not only in the overall magnitudes, but also in the timefrequency domain, of muscle activation patterns.
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